ecologies may also have significant impact on Quaternary nannofossil studies. However, assessing direct and indirect impacts of oil and dispersants on the marine pelagic ecosystem in the GoM requires sustained observations over multiple years.
Therefore, the aims of this study were: (1) to investigate the coccolithophorid species composition in a Ne-SW transect with only slight contrast in hydrographic conditions; (2) to examine and correlate the species occurrences to available hydrographic data in order to add information on the habitat preferences of the species; and finally (3) to study the depth distribution of the species in this oceanic regime.
Modern oceAnoGrAPhy of the Study AreA
The Gulf of Mexico is a marginal sea that is connected to the atlantic Ocean via the Straits of Florida and to the Caribbean Sea via the Yucatan Strait. The main sea-surface currents of this area are summarized in a relatively comprehensive web-based ocean current reference site by Gyory et al. (n.d.; http://oceancurrents. rsmas.miami.edu/index.html; Fig. 1 ) and by Sturges & LugoFernandez (2005) .
In general, warm tropical waters from the Caribbean Sea enter the GoM through the Yucatan Strait, turn in a clockwise direction, 'loop' around a warm 'dome' of GoM surface water, and exit through the Florida Strait as one of the sources of the Gulf Stream. This anticyclonic gyre, called the Loop Current (LC; e.g. Sturges & evans, 1983) , occupies the central portion of the gulf and is fed by the river-like Yucatan Current (YC) that flows through the narrow passage of the Yucatan Strait and provides most of the inflow into the GoM, since inflows through the Florida Straits are small and episodic (e.g. Lee & Mayer, 1977; Ochoa et al., 2001) . During summer, surface-water flow through the Yucatan Channel is enhanced compared to winter (Sheinbaum et al., 2002) , and warm tropical surface temperatures occur in the western and northern gulf (Brunner, 1982) . During winter the LC is at a minimum (e.g. Molinari et al., 1990; Johns et al., 2002) and follows a relatively direct path from the Yucatan Channel to the Florida Straits, thus leaving the northern GoM relatively unaffected by warm surface water from the Caribbean. Tropical waters from the Caribbean are restricted in winter to a narrow band in the southeastern gulf, reflecting the flow of the LC from the Yucatan Channel directly to the Florida Strait. Portions of the LC often break off from the main stream forming eddies or small gyres which move clockwise into the northeastern part of the gulf affecting regional current patterns (Sturges & Leben, 2000; Zavala-Hidalgo et al., 2006) . In addition, upwelling is described in the Yucatan region, probably as a result of interactions between the YC and the counter-current (Merino, 1997) .
In the southwestern GoM, surface water circulation generally proceeds, as the YC, from the Yucatan Strait westward (Fig. 1) and then, as the Mexican Current, north along the western boundary of the basin (e.g. Molinari & Morrison, 1988) . These currents are relatively weak, varying appreciably in intensity with season and location. There is extreme variability in both current direction and speed on the continental shelf and in the coastal waters of the gulf, where currents are subjected to seasonal and annual variations caused not only by major circulation patterns but also by changes in the prevailing wind direction. In addition, smaller wind-driven and tidal currents are created in near-shore environments.
Generally, the surface mixed layer in the GoM is as shallow as 90 m in winter and 125 m during summer. Surface-water temperatures range from 18 °C to 21 °C in the north and 24 °C to 27 °C in the south while surface salinity values for this marginal sea generally range between 36.0 and 36.3 (e.g. Vidal et al., 1994) . In the northern Gulf of Mexico region, Mississippi River runoff influences surface waters as far as 50 km from the shore, Gyory et al. n.d.) . Locations of the studied water stations are indicated as black dots (full station codes are GeoB 10xxx-x; see also Table 1 ). In addition, areas of the samples of Pariente (1997) are indicated, including sampling stations inside Quiet eddy (Qe) and outside the eddy.
resulting in salinities as low as 25. Variation in sea-surface temperature (SST) is synchronous throughout the gulf, with maxima in July to September and minima in February to March (Müller-Karger et al., 1991) . Surface pigment concentrations also follow a seasonal cycle, with very low concentrations (<0.1 mg m −3 ) from april through summer and slightly higher concentrations (>0.18 mg m −3 ) in winter (e.g. Müller-Karger et al., 1991; Biggs & Müller-Karger, 1994) MAterIAl And MethodS Fifty-two water samples were taken during Meteor Cruise M67/2 in 2006 (Table 1) . additional surface-water samples from 5 m water depth were taken from the vessel's membrane pump at all stations. Generally, 2 l of water were filtered through cellulose nitrate filters (25 mm diameter, 0.45 µm pore size) by means of a vacuum pump immediately onboard. Samples were rinsed with freshwater to avoid the precipitation of salt crystals. The filters were dried at 40 °C for at least 24 h, stored in plastic Petri dishes, and kept permanently dry with silica gel in transparent film.
For analysis, a piece of the dried filter was fixed with doublesided adhesive tape to an aluminium stub, sputter coated with gold-palladium and examined in a ZeISS DSM 940a scanning electron microscope (SeM), usually at 10 kV. Coccospheres were identified and counted on measured transects at ×3000 magnification. Generally, it was aimed to count at least 200 specimens per filter; however, fewer were counted in the deepest samples, due to extremely low coccolithophore numbers. Coccolithophore cell densities were calculated as follows:
Coccolithophore concentration no of cells l .
with F = filtration area (mm 2 ); C = number of counted coccolithophores; A = counted area (mm 2 ); and V = filtered water volume (l).
For analysis of modern diversity we generally used the taxonomy of Young et al. (2003) . This is a suitable basis both because it is the most recent review and because it attempts to be comprehensive, including both formally described species, and many informally described morphotypes, which we regard as almost certainly genuine species. all identified species are listed alphabetically with full citations in appendix a. reSultS cell density and species diversity of total coccolithophores Coccolithophores were found in all of the studied samples, except for two deep samples (200 m) at stations GeoB 10602 and GeoB 10605 (Fig. 2) . a total of 39 taxa were identified in this study (see appendix a and Plate 1), with nine species reaching abundances of more than 1000 cells l -1 and representing more than 10 % of the communities in at least one sample. Due to a relatively high diversity and low cell numbers several species could not be shown individually for the sake of clarity and comparability between the samples but all taxa of importance are either depicted in the figures or mentioned in the text. at all sites low abundance coccolithophore communities were found at the upper surface with numbers of <25 000 cells l -1 (Fig. 2) . It is, however, noticeable that higher diversity, up to 20 species per sample, was reached within these upper water samples (down to 20 m) than the samples with maximum total coccolithophore numbers. Highest numbers of no more than 48 000 cells l -1 were generally reached in intermediate water depths ( Below about 75-100 m, a deep-photic nannoplankton community with total coccolithophore numbers of <21 000 cells l -1 and a relatively low diversity of less than 10 species per sample occurred. None the less, except for the deepest samples recovered (200 m), the total cell numbers were often comparable to those in the upper water column.
distribution of coccolithophorid assemblages and species
The stations exhibit rather comparable assemblage compositions, with Emiliania huxleyi being the most abundant species in many of the samples throughout the water column (generally 20-65 %). This species reached highest numbers in the mid-depth of stations GeoB 10603/06 (Figs 2, 3). In addition, 14 species of the family Syracosphaeraceae occur from the surface water down to about 100 m, with cell densities of up to 2500 cells l -1 (up to 10 %) especially in station GeoB 10606. From these, eight species of Syracosphaera (excluding those occurring in the holococcolithophore stages) have been identified, but only S. pulchra occurs constantly and shows a clear abundance pattern. In addition, Gephyrocapsa oceanica and G. ericsonii were observed rather constantly in many of the samples but in low cell numbers of <1000 cells l -1 (and thus are not shown separately here).
In all shallow-water samples coccolithophore assemblages are dominated by Umbellosphaera tenuis, forming >30 % of the assemblages, except at station GeoB 10602 (max. 28 %). This species mainly occurs in the upper 50 m of the water column but is also observed at greater depths (100 to 150 m) at stations GeoB 10604-06 (Fig. 2) . Surprisingly, U. irregularis appears only in very low numbers and in very few samples. In addition to U. tenuis, Discosphaera tubifera (>15 % in the uppermost 20 m of stations GeoB 10601-04) and Rhabdosphaera clavigera (5-10 % in the uppermost 50 m of all stations) commonly contribute to the upper-water community with up to 4000 cells l -1 and 3500 cells l -1 , respectively (Fig. 2) . Other species, such as S. pulchra (up to 1000 cells l -1 ), other Syracosphaera spp., and most of the observed holococcolithophores (up to 1400 cells l -1 ) also contribute to the umbelliform-dominated assemblages in the uppermost 50 m of the water column.
a change in the predominant species occurs at intermediate water depths. The flora in the deep photic zone (>50-150 m water depth) is characterized by abundant Florisphaera profunda (up to 62 %) in this nutrient-depleted part of the GoM (Fig. 2) .
However, the change in predominance from the umbelliform flora of the upper photic zone to this deep photic zone flora occurs between either 50 m (GeoB 10601) or 100 m (GeoB10606) water depth. In addition, Gladiolithus flabellatus (up to 18 %) and Algirosphaera robusta (up to 16 %) are common components of this deep-photic flora.
Most of the other species observed in the samples exhibit very low coccolithophore cell numbers and occur only in a few samples. Scans of the filters also yielded the presence of some unexpected species, such as Reticulofenestra sessilis in association with diatoms and Coccolithus braarudii (Plate 1); the latter has so far been found mostly in temperate upwelling areas. There were also some unique scale-bearing protists of the order Rotosphaerida, i.e. Pinaciophora sp., which have so far been considered of uncertain systematic position (J.R. Young, pers. comm.). fig. 2 . Coccolithophore data for the investigated sites with profiles of temperature and salinity (if available). additionally, the diversity is exhibited for all profiles. andruleit et al., 2003; andruleit, 2007; Boeckel & Baumann, 2008) . at all stations typical depth-related assemblages can be identified from the depth distribution of the species, although the deeper photic zone was not studied in high resolution. Two main assemblages occur: an upper photic zone (uPZ) assemblage and the typical lower photic zone (LPZ) assemblage. In addition, highest numbers reached in intermediate water depths (50-75 m, Fig. 3 ) are due mainly to increased cell numbers of Emiliania huxleyi and, to a much lesser extent, to species of the genus Syracosphaera as well as Gephyrocapsa oceanica and G. ericsonii. This species composition may indicate a less obvious middle photic zone (MPZ) assemblage. The uPZ assemblage is characterized by Umbellosphaera tenuis (type IV) which is the most abundant species and can generally be recognized down to about 50 m water depth (Fig. 4) . U. tenuis type IV was correlated to warm temperatures and low nutrient levels and a very deep nutricline by Boeckel & Baumann (2008) . although morphologically and ecologically rather similar to type III, the distribution of type IV extends to deeper-water levels (Hagino & Okada, 2006; Boeckel & Baumann, 2008) , which is rather consistent with the present observations. Other typical members of this uPZ assemblage are Discosphaera tubifera and Rhabdosphaera clavigera, as well as species of the family Syracosphaeraceae (e.g. S. pulchra), and most of the few holococcolithophore species observed. Discosphaera tubifera is reported to live in the upper to middle photic zone down to 40-80 m water depths in oligotrophic environments (e.g. Honjo & Okada, 1974; Reid, 1980; Hagino et al., 2000; Malinverno et al., 2003; Boeckel & Baumann, 2008) , also rather consistent with our observations. The same pattern is displayed by Rhabdosphaera clavigera and Syracosphaera pulchra, all of which are non-placoliths known to prefer stable stratified waters (Okada & McIntyre, 1977; Hagino et al., 2000) . Of all species of the genus Syracosphaera observed, S. pulchra appears to have the greatest preference for warm, oligotrophic conditions. Thus, the composition of this assemblage is similar to those previously published as uPZ assemblages (e.g. Winter et al., 1994; Hagino et al., 2000; Kinkel et al., 2000; Cortés et al., 2001; Malinverno et al., 2003; andruleit, 2007) in terms of cell density and the dominance of typically non-placolith type species. In addition, the occurrence of species such as U. tenuis and D. tubifera underlines the influence of tropical and oligotrophic conditions. The low coccolithophore cell densities in the upper photic zone (<50 m water depth) may be explained by low nutrient concentrations during the sampling period.
Emiliania huxleyi is found in relatively low absolute cell numbers compared to much higher cell densities reported from the high-nutrient systems, but it is relatively common in rather equal percentages throughout the whole water column in the present samples (see Fig. 3 ). This species tolerates a wide temperature range, although its highest abundances usually occur at water temperatures of <23 °C (Giraudeau & Bailey, 1995; Haidar & Thierstein, 2001; Hagino et al., 2005) , and it is common under eutrophic as well as oligotrophic conditions. E. huxleyi consists of at least four well-established morphological groups (Young et al., 2003) , of which only the type a form (i.e. the 'warm water' type of McIntyre & Bé, 1967; Hagino et al., 2005) was found in the present samples. Its increased cell numbers in middepths may be due to the influence of the coastal upwelling on the Yucatan margin through offshore migration of nutrientenriched filaments. Other placolith-bearing species, such as Gephyrocapsa ericsonii, Calcidiscus leptoporus or species of Umbilicosphaera, have also been regarded in previous investigations as species adapted to rather low nutrient levels (Okada & Honjo, 1975; Okada & McIntyre, 1977; Giraudeau, 1992; Baumann et al., 2008) . Some of these species, particularly Gephyrocapsa fig. 3 . Vertical distributions of total coccolithophorid cell numbers (above) as well as vertical distribution of the %-abundances of Emiliania huxleyi (below) along the studied transect. oceanica and G. ericsonii, are also known to occupy the intermediate water depth, and were termed MPZ assemblages, which usually were found at 80-120 m of water depth (Jordan & Chamberlain, 1997) . Coccolithophores, such as E. huxleyi and G. oceanica tend to live at greater depths in the central gyres because of the input of nutrients at these depths (Brand, 1994) . Nevertheless, the depth range of these species may vary due to changing environmental conditions during different seasons of a year, when surface-water stratification may be more pronounced (Reid, 1980; Jordan & Chamberlain, 1997) .
Most of the LPZ dwellers are abundant in tropical to subtropical regions, as was commonly observed (e.g. Hagino et al., 2000; andruleit, 2007; Boeckel & Baumann, 2008) . In particular, F. profunda is well known as an LPZ species (Jordan & Chamberlain, 1997) and also dominates the samples studied in the southwestern GoM. This species typically occurs at maximum abundances below the deep chlorophyll maximum (40-200 m), in relatively high abundances even under relatively low nutrient conditions (Haidar & Thierstein, 2001) . as reported previously (e.g. Jordan & Chamberlain, 1997; Hagino et al., 2000; Malinverno et al., 2003) , other species, such as Gladiolithus flabellatus and Algirosphaera robusta, are also mainly restricted to the lower photic zone. In addition, highest concentrations of coccolithophores were already observed at the thermocline depth in wellstratified waters (e.g. Hagino et al., 2000) . The upper or lower vertical distribution limits of many coccolithophore taxa coincides with the top of the thermocline. The assemblage in the deep photic zone (>50 m water depth; Fig. 4 ) is composed mainly of abundant Florisphaera profunda, Gladiolithus flabellatus and Algirosphaera robusta, indicating a tolerance of lower light availability. Thus, all these LPZ species may be typical for oligotrophic and stable conditions in open ocean waters.
comparison with previous plankton observations
For the comparison of the present coccolithophore assemblages with assemblages previously observed in the area in October 1990 and March 1991 (Pariente, 1997) , a 'mean plankton community' was calculated from all plankton samples by taking the average abundance (weighted by the absolute numbers) of the dominant species (Fig. 5) . The assemblages found in October 1990 outside a warm-core eddy that moved west across the gulf (the so-called Quiet eddy) in the northern GoM were also depth stratified, rather similarly to the present findings. The absolute coccolithophore cell numbers also were quite similar. However, in contrast to the present study, cells in the upper water layer belonged mainly to the species Umbellosphaera irregularis, while the dominant species at mid-depths was Umbellosphaera tenuis and in the lower photic zone it was Florisphaera profunda (Fig. 5) . Other species were less common, while Emilania huxleyi was common throughout the water column, as it is in the present samples. However, absolute cell numbers as well as relative abundances of E. huxleyi were rather higher in the present samples than observed by Pariente (1997) . In contrast, F. profunda obviously occurred in much lower numbers in March 2006.
The conspicuous difference in the relative composition of the uPZ assemblages is rather surprising, since U. irregularis has also fig. 4 . Vertical distributions both of the total uPZ taxa (above) and of the total LPZ taxa (below) along the studied transect.
been reported as a typical member of oligotrophic surface waters (e.g. Haidar & Thierstein, 2001; Hagino & Okada, 2004 Boeckel & Baumann, 2008; Baumann et al., 2008) . This species has been found both at stations with extremely high temperatures (>30 °C) and high nutrient levels (Hagino et al., 2000) as well as in the usual warm oligotrophic environments. However, Hagino & Okada (2006) also showed that this species was absent when phosphate concentration was relatively high. Thus, it could be speculated that slight input of nutrients may be responsible for U. irregularis not occurring in these samples. This may suggest that the phosphate 'threshold' was possibly reached at the studied stations. Thus, the main outline when comparing the assemblages of October 1990 with those of March 2006 is similar, but discrepancies are obvious.
even more striking, however, are the discrepancies when comparing the two March assemblages. The coccolithophore assemblages found in March 1991 are completely different to those in the present samples (Fig. 5) . No species was very numerous compared to E. huxleyi, which almost exclusively occurred throughout the water column. Pariente (1997) suggested the reason for the change in abundance and distribution of coccolithophore species from October to March is that, during winter, stronger mixing brings both nutrients and coccolithophores into the upper layers from deeper water. Species such as E. huxleyi that need more light and more nutrients are able to grow faster. In contrast, species that require higher temperatures suffer. Nevertheless, these ideas cannot explain the discrepancies observed for the two March assemblages. Thus, the assemblages observed in March 1991 may be influenced by additional nutrient supply most probably through offshore migration of nutrient-enriched filaments from the coastal upwelling on the Yucatan margin. Coccolithophores were much more abundant than in October, also especially within the eddy, due to a general increase in E. huxleyi. In addition, U. irregularis was missing in these samples, while low cell numbers of U. tenuis occurred in the upper photic zone and F. profunda was abundant inside the eddy (Pariente, 1997) .
Thus, the present coccolithophore assemblage may represent a mean between two end-member assemblages depicted in October 1990 and March 1991. The overall coccolithophore cell concentrations did not vary much, but proportions of some species changed greatly. To what extent oil drops and oil slicks that were observed on the sea surface during Meteor cruise M67/2 (Bohrmann et al., 2008) may have influenced these assemblage compositions is difficult to assess. Coccolithophorid assemblages may be sufficient to allow effects of pollution to be detected in the open marine realm. However, sustained observations over multiple years are required to assess direct and indirect impacts of oil and dispersants on the marine pelagic ecosystem in the GoM. (Pariente, 1997) . a 'mean plankton community' was calculated from all plankton samples by taking the average abundance (weighted by the absolute numbers) of the dominant species.
First data, using satellite measurements, numerical circulation models and other environmental data, already give some initial results on observed biological changes at the base of the food web after the Deepwater Horizon oil spill (Hu et al., 2011) . However, the available data are still insufficient to support or reject a hypothesis that the subsurface oil may have contributed to the enhanced biomass during December 2010 and January 2011.
SuMMAry And concluSIonS
The present study was conducted to provide information about coccolithophore standing stock and coccolithophore species composition in the southwestern GoM. Based on our data the following conclusions can be drawn:
(1) a total of 39 species were observed in the samples of the southwestern GoM, from which only eight species contributed significantly to the species community. Emiliania huxleyi was the numerically most abundant species in most of the samples, demonstrated a wide range of living depths, but only reached relatively low cell numbers (<25 000 cells l -1 ). In addition, Umbellosphaera tenuis and Florisphaera profunda were observed in comparable cell numbers. (2) a distinct vertical stratification in the coccolithophorid assemblage was observed. The uPZ assemblage can be recognized generally down to about 50 m water depth and is characterized by highest cell numbers of Umbellosphaera tenuis (type IV). Other typical members of this group are Discosphaera tubifera and Rhabdosphaera clavigera, as well as many of the species of the family Syracosphaeraceae. (3) The flora in the deep photic zone (>50-100 m water depth) is characterized by abundant Florisphaera profunda, Gladiolithus flabellatus and Rhabdosphaera clavigera, indicating a tolerance of lower light availability. (4) In the study area, the vertical distribution of most coccolithophore taxa was controlled by upper photic-zone temperature and water stratification. The coccolithophore communities, therefore, mainly reflected the local oceanographic situation and seemed to be more dependent on mixed layer depth and nutrient availability than on temperature and salinity changes. (5) When comparing the presently observed coccolithophore assemblage with assemblages sampled in October 1990 the main pattern may be similar, but discrepancies are obvious. The overall coccolithophore cell concentrations did not vary much, but proportions of some species changed a lot. However, even more striking are the discrepancies when comparing the present findings with coccolithophore assemblages found in March 1991. The latter were completely different to those in the present samples. No species was very numerous compared to E. huxleyi, which occurred almost exclusively throughout the water column.
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Algirosphaera robusta (Lohmann, 1902) (Schiller, 1925 ) Kamptner, 1937 
